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ABSTRACT: Solvent plays an important role in liquid phase
heterogeneous catalysis; however, methods for calculating the free
energies of catalytic phenomena at the solid−liquid interface are not
well-established. For example, solvent molecules alter the energies of
catalytic species and participate in catalytic reactions and can thus
significantly influence catalytic performance. In this work, we begin to
establish methods for calculating the free energies of such phenomena,
specifically, by employing an explicit solvation method using a multiscale
sampling (MSS) approach. This MSS approach combines classical
molecular dynamics with density functional theory. We use it to
calculate the free energies of solvation of catalytic species, specifically adsorbed NH*, NH2*, CO*, COH*, CH2OH*, and
C3H7O3* on Pt(111) surfaces under aqueous phase and under a mixed H2O/CH3OH solvent. We compare our calculated
values with analogous values from implicit solvation for validation and to identify situations where implicit solvation is sufficient
versus where explicit solvent is needed to compute adsorbate free energies. Our results indicate that explicit quantum-based
methods are needed when adsorbates form chemical bonds and/or strong hydrogen bonds with H2O solvent. Using MSS, we
further separate the calculated free energies into energetic and entropic contributions in order to understand how each
influences the free energy. We find that adsorbates that exhibit strong energies also exhibit strong and negative entropies, and
we attribute this relationship to hydrogen bonding between the adsorbates and the solvent molecules, which provides a large
energetic contribution but reduces the overall mobility of the solvent.

1. INTRODUCTION

Calculating the free energies of catalytic adsorbates under
liquid phase is imperative for modeling catalyst performance in
liquid phase reaction conditions; however, methods for
performing such calculations remain unresolved. In general,
the energies of catalytic species must be calculated with
quantum mechanics (QM), which captures the potential
energies that are stored within the chemical bonds. The f ree
energies are influenced by the thermal movements of the atoms
and molecules (including the solvent molecules) and thus
require finite-temperature methods. Present strategies for
calculating free energies of catalytic adsorbates in liquid
reaction conditions entail summing the adsorbate’s free energy
calculated under vacuum (Fads

vac) with its free energy of solvation
(ΔFsol),1−11 i.e.

F T F T F T( ) ( ) ( )ads
liq

ads
vac

sol= + Δ (1)

where Fsol(T) is the difference in free energy between a
solvated adsorbate and the same adsorbate under vacuum at
temperature T, and Fads

vac(T) is the free energy of the adsorbate
under vacuum at temperature T calculated relative to the
energy of the adsorbate at 0 K,12−18 i.e.

F T E E F T( ) ( )ads
vac

elec
vac

ZP
vac

vib
vac= + + Δ (2)

Here, Eelec
vac and EZP

vac are the electronic and zero-point vibrational
energies calculated with QM (at 0 K), and ΔFvibvac(T) is its
temperature-dependent vibrational free energy calculated
relative to EZP

vac. ΔFsol(T) is most often calculated in quantum
mechanics using implicit solvation,1,3−6,8−10,19 which collapses
the thermal effects of the solvent into a continuum based on
the solvent’s dielectric constant. This method thus does not
include solvent molecules explicitly. Save for one comparison
of this strategy with an analogous method employing explicit
solvation (calculated using a combination of QM and
molecular mechanics, i.e., QM/MM) for calculating the free
energy of a single reaction (i.e., (CHOH)2* → 2CHOH*,
where * are catalyst sites) on a Pt(111) catalyst,7 the validity
and limitations of using implicit solvation for calculating free
energies involved in heterogeneous liquid phase catalysis
remain to be established. In situations where solvent molecules
interact strongly with catalytic adsorbates and/or participate in
the catalytic reaction, it is expected that implicit solvation will
be insufficient.
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For the purposes of this study, we focus on H2O solvent.
H2O molecules are known to form hydrogen bonds with
adsorbates, which influence the adsorbates’ energies signifi-
cantly.6−10,20−27 In some cases, these hydrogen bonds seem to
have specific interactions with catalytic adsorbates, for
example, discriminating between different conformers of the
same adsorbate and even altering the relative stabilities of these
conformers compared to gas phase.21,22,24,25 It is unclear that
implicit solvation has the precision to capture such
phenomena. When solvent molecules participate in catalytic
chemistry, the limitations of implicit solvation are more
pronounced. For example, H2O molecules have been shown to
participate in aqueous phase heterogeneously catalyzed
reactions by helping to promote bond breaking and forming
processes.20,22,26,28−31 Modeling such phenomena requires
including at least one H2O molecule explicitly in the
simulation; yet, there is no well-established method for
calculating free energies for adsorbates on heterogeneous
catalyst surfaces using explicit solvation. It is thus important to
establish methods for broadly calculating the free energies of
catalytic adsorbates in liquid reaction conditions.
It is our goal in this work to begin establishing such

methods, as well as to provide guidelines for when implicit
solvation can and cannot be employed for calculating the free
energies of catalytic phenomena in liquid reaction conditions.
Specifically, we employ a multiscale sampling (MSS)
approach27,31−33 that combines density functional theory
(DFT) with classical molecular dynamics (MD) for calculating
the free energies of solvation of catalytic adsorbates under
explicit solvation. In this method, MD is used to generate
configurations of liquid solvent molecules, and DFT is used to
calculate their energies. This method thus takes advantage of
the strengths of both DFTaccurately calculating system
energiesand MDefficiently producing configurations of
liquid solvent molecules at finite T. We use this method to
calculate the free energies of solvation of NH*, NH2*, CO*,
COH*, CH2OH*, and C3H7O3* adsorbates on Pt(111)
catalysts under liquid solvent. We are interested in these
adsorbates because they are important in ammonia synthesis
and biomass processing, which are reactions of societal
interest,34,35 and because they demonstrate different inter-
actions with the solvent environment. In order to establish
guidelines for when implicit solvation can be used for
calculating free energies and when explicit solvation is needed,
we compare free energies of solvation calculated with explicit
solvation using MSS for these adsorbates to implicit solvation.
We find that the COH*, CH2OH*, and C3H7O3* adsorbates,
which comprise −OH groups that form strong hydrogen bonds
with H2O, require explicit solvation to fully capture solvation
energies; however, implicit solvation is sufficient for the
remaining adsorbates considered in this work. Using the MSS
approach, we are additionally able to parse the calculated free
energies of solvation into energetic and entropic contributions,
which enables analysis of the origins of these contributions. We
find that adsorbates that interact strongly with H2O also
exhibit large and negative entropies of solvation, which are
caused by decreased rotational dynamics of H2O molecules
that are strongly bonded to the adsorbates.

2. COMPUTATIONAL METHODS
2.1. System Setup. Pt catalysts are modeled with periodic,

three-layer 3 × 3 Pt(111) slabs in monoclinic supercells (α = β
= 90°, γ = 60°) constructed from the structure of bulk Pt. The

structure of bulk Pt is face centered cubic with a lattice
parameter of 3.967 Å and interatomic Pt−Pt distances of 2.805
Å. There is one adsorbate per slab, giving a total adsorbate
coverage of 1/9 monolayer (ML, where 1 ML is equal to 1
adsorbate per surface metal atom). The arrangements of
adsorbates on the surfaces are configured such that the
distances between neighboring adsorbates are maximized.
Positions of the adsorbates on the surface are selected
according to the literature.27,36,37 Adsorbate conformations
are obtained by performing geometry relaxations using DFT as
described in Section 2.4. The volume of the simulation boxes
above the Pt surfaces are initially set such that the H2O density
is ∼1 g/cm3, and these box dimensions are refined according
to the particular adsorbate as follows. The procedure is
described in detail in a concurrent publication32 and illustrated
schematically in Figure S2 in the Supporting Information. First,
54 H2O molecules are randomly placed above the top surfaces
of the Pt slabs. Positions of the H2O molecules are refined by
performing energy minimizations with the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS,38 details
about the simulations are provided in Section 2.2) using the
conjugate gradient method until the relative change in energy
between successive iterations (ΔE/E) falls below 10−8 and the
maximum force on any atom falls below 10−10 kcal/mol-Å.
Following energy minimization, the system is equilibrated via a
2 ns MD simulation performed in the canonical (NVT)
ensemble, where the temperature is maintained at 300 K using
the thermostat of Bussi et al.39 This simulation is followed by a
500 ps simulation performed in the microcanonical (NVE)
ensemble to check for energy conservation. Finally, an MD
simulation is performed in the isothermal−isobaric (NPT)
ensemble to determine the appropriate height of the
simulation box. The NPT simulation is carried out for a
total of 5 ns at 300 K and 1 atm, maintained by the Nose−́
Hoover thermostat and barostat40,41 along with a temperature
damping parameter of 100 fs and a stressing damping
parameter of 5 ps. The resulting average simulation box
heights vary from 35 to 38 Å, depending on the adsorbate. The
average water density in the bulk regions of the simulation
boxes (i.e., the regions where the water densities as functions
of distance from the Pt surfaces have plateaued) is 1.01 ± 0.01
g/cm3, which compares favorably with the reported value of
1.002 g/cm3 at 1 bar and 298 K for the water model employed
in this work (TIP3P/CHARMM;42,43 see Section 2.2 for more
details). After the simulation box heights have been
determined, configurations of liquid solvent molecules are
generated in MD using the canonical (NVT) ensemble. These
simulations are carried out at 300 K for a total of 5 ns, where
the first 2 ns are used for system equilibration and the
remaining 3 ns are used to sample configurations of H2O
molecules. When the configurations from MD are used for
DFT calculations, an additional 14 Å of vacuum space is added
above the top of the H2O layer, resulting in box heights of 49
to 52 Å. The reason for this is to minimize the dipole
interactions between neighboring cells in the c direction in the
DFT calculations. Since there is minimal (if any) perturbation
to the H2O structure in DFT calculations (see Section 2.4),
changes in the local H2O densities around the adsorbate due to
this change are negligible. We performed several test
calculations to determine the influence of the simulation box
size on quantities of interest for this Article, and they are
discussed in the Supporting Information.
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For comparison, we also calculate the thermodynamics of
solvation of catalytic adsorbates in a 50%/50% by weight
solution of H2O and CH3OH. These systems utilize the same 3
× 3 Pt(111) slabs and contain 27 H2O molecules and 15
CH3OH molecules. Otherwise, the systems are set up
analogously to the pure H2O systems.
2.2. Classical MD Simulations. Energies in LAMMPS are

calculated classically. H2O and CH3OH solvent molecules are
allowed to be flexible and are modeled with the TIP3P/
CHARMM42,44 and OPLS-AA45 force fields, respectively. All
other species are held rigid. Intermolecular energies are
calculated using pairwise Lennard-Jones + Coulomb (LJ +
C) potentials. LJ parameters for the Pt atoms are taken from
the universal force field (UFF),46 and LJ parameters for surface
adsorbates are taken from the OPLS-AA force field. All LJ
cross terms are calculated with geometric mixing rules, except
for the intermolecular O−H interactions between H2O
molecules, which use Lorentz−Berthelot mixing rules.47,48

Coulomb terms for Pt atoms and surface adsorbates are their
calculated partial charges, which are obtained from charge
densities calculated in DFT. These are used instead of the
Coulomb terms defined by the UFF and OPLS-AA force fields
to capture the charge redistribution that occurs between the
adsorbates and the Pt surface atoms upon adsorption. Partial
charges are calculated using the Density Derived Electrostatic
and Chemical (DDEC) method.49 Further details about charge
partitioning calculations are provided in the Supporting
Information. The cutoff value for LJ + C interactions is 7 Å.
Long-ranged Coulomb interactions are calculated using the
Particle−Particle Particle−Mesh (PPPM) method50 with the
accuracy set to 10−4. All LJ and C parameters, as well as
intramolecular parameters for H2O and CH3OH solvent
molecules are provided in the Supporting Information. As
the MD simulations are used to generate configurations of
solvent molecules and the DFT results depend on the
configurations that are generated, the DFT results depend on
the classical potentials and other decisions employed in the
MD simulations. We investigated the effects of different
potentials for H2O and Pt on the number of solvent molecules
that hydrogen bond with the adsorbates studied in this work.
We found minor to modest differences. These tests are
discussed further in the Supporting Information.
2.3. Free Energies. Solvation free energies of the

adsorbates presented in this work are calculated in two ways:
with multiscale sampling using a combination of DFT and MD
(ΔFsolMSS) and with implicit solvation using DFT (ΔFsolimp).
2.3.1. Multiscale Sampling. Values of ΔFsolMSS combine

energies calculated with DFT with entropies calculated with
MD, i.e.

F E T Ssol
MSS

int
DFT

int
MDΔ = Δ − Δ (3)

where ΔEint
DFT is the adsorbate−water interaction energy

calculated with DFT, T is the temperature, and ΔSintMD is the
adsorbate−water interaction entropy calculated with MD.
More details about the derivation of this equation are provided
in the Supporting Information. Since one cannot directly
output entropies from an MD simulation, we extract entropies
from MD-calculated free energies (ΔFsolMD, see eq 6). These are
calculated using the method of thermodynamic integration. In
this method, a solute (here, the Pt surface with adsorbate) is
“grown” in a sea of solvent over the course of an MD
simulation performed in the NVT ensemble. This growth is
simulated by scaling the LJ and C parameters between the

solute and solvent via scaling parameters, λLJ and λC,
respectively. These scaling parameters take on values from 0
(LJ or C cross terms are equal to 0) to 1 (LJ or C cross terms
are equal to their normal values). In order to avoid singularities
when λLJ = 0, a soft core potential implemented in LAMMPS is
used.51 The free energy is

F
E( )

dPt ads
MD

0

1
∫ λ

λ
λΔ = ∂Δ

∂λ

λ

λ
+

=

=

(4)

where E is the energy of interaction between the Pt surface +
adsorbate with the solvent molecules at different values of λ,
where λ can be either λLJ or λC (these are varied one at a time,
following the method outlined by Shirts and Pande51). Values
of ⟨∂ΔE(λ)/∂λ⟩λ are obtained by making small perturbations
to λ (δλ = 0.0001) and calculating the differences in E. Herein,
we use 21 equally spaced values of λ (λ = 0, 0.05, 0.10, ..., 1) to
evaluate ΔFMD. For each value of λ, a NVT MD simulation is
performed for 350 ps, where the first 100 ps are used for
system equilibration and the last 250 ps are used for
configurational sampling. Further details about the influence
of the length of the NVT trajectory on the results are provided
in the Supporting Information. Configurations are sampled
every 1 ps over the production run of the NVT MD trajectory
in order to calculate E. Since this yields the free energy of
solvation for the Pt + adsorbate system, we additionally
calculate ΔFMD for the clean Pt surface, which allows us to
separate the contribution due to the adsorbate.

F F Fsol
MD

Pt ads
MD

Pt
MDΔ = Δ − Δ+ (5)

ΔSintMD is obtained by decomposing ΔFsolMD into energetic and
entropic contributions52,53

S
F E

Tint
MD sol

MD
int
MD

Δ =
Δ − Δ

(6)

where ΔEint
MD is calculated by simply evaluating the LJ + C

potential between the solvent molecules and the adsorbate at
various configurations of solvent molecules over the course of a
straightforward (i.e., without the scaling parameter λ) NVT
MD trajectory.
ΔEint

DFT (used in eq 3 to calculate ΔFsolMSS) comprises all of the
physical and chemical interactions between the liquid solvent
molecules and the adsorbate and is calculated as

E E E E E( ) ( )int
DFT

Pt ads
liq

Pt ads
vac

Pt
liq

Pt
vacΔ = ⟨ − − − ⟩+ + (7)

where EPt+ads
liq is the DFT-calculated energy of the Pt surface

plus adsorbate under explicit solvent, EPt+ads
vac is the DFT-

calculated energy of the Pt surface plus adsorbate under
vacuum, EPt

liq is the DFT-calculated energy of the clean Pt
surface (without the adsorbate) under explicit solvent, EPt

vac is
the DFT-calculated energy of the clean Pt surface under
vacuum, and the bracket notation indicates the ensemble
average. EPt+ads

liq are calculated as follows.27 An initial guess of
the conformation of the adsorbate is obtained by relaxing the
structure of the adsorbate on a Pt(111) surface under Ih ice in
DFT, according to the procedure in Section 2.4. The resulting
Pt + adsorbate structure is then simulated under explicit
solvent in MD in the NVT ensemble, following the procedures
described in Sections 2.1 and 2.2. Positions of the solvent
molecules are sampled at constant time intervals of at least 300
ps in order to generate at least five configurations of solvent
molecules around the adsorbate. The conformations of the
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adsorbate and the surrounding solvent molecules are then
rerelaxed in DFT following one of the strategies discussed in
Section 2.4. EPt+ads

liq are the energies of the resulting
conformations. EPt+ads

vac and EPt
liq are calculated by removing the

solvent molecules (EPt+ads
vac ) or adsorbate (EPt

liq) and recalculating
the system energy in DFT. These calculations are “single
point” calculations, where all atoms are held fixed. Values of
ΔEint

DFT are reported as averages taken over at least five
configurations of solvent molecules.
2.3.2. Implicit Solvation. ΔFsolimp are calculated as

F F E F E( ) ( )sol
imp

Pt ads
imp

Pt ads
vac

Pt
imp

Pt
vacΔ = − − −+ + (8)

where FPt+ads
imp and FPt

imp are free energies (electronic energies
plus free energies of solvation) of the Pt surface with the
adsorbate and the clean Pt surface, respectively, calculated
under implicit solvation, and EPt+ads

vac and EPt
vac are the electronic

energies of same systems calculated under vacuum (i.e., with
implicit solvation turned off). Values of Fimp are calculated in
DFT using the VASPsol method.19 VASPsol adds a dielectric
term to the Hamiltonian that simulates a solvent continuum.
The dielectric constant is set to 78.40 for pure water and 54.39
for the 50/50 H2O/CH3OH mixed solvent.54 Technically, free
energies calculated in this way are Gibbs free energies (i.e.,
GPt+ads
imp and GPt

imp); however, since PΔV is expected to be 2
orders of magnitude smaller than ΔE for these systems,52 we
use values calculated in this way to approximate the Helmholtz
free energies (ΔFsolimp) in order to compare with ΔFsolMSS.
2.4. DFT Calculations. DFT calculations are performed

with the Vienna Ab initio Simulation Package (VASP),55−58

which uses periodic boundary conditions and plane-wave basis
sets. The Perdew, Burke, and Ernzerhof (PBE)59 variation of
the generalized gradient approximation (GGA) is used for
electron exchange and correlation, and the projector
augmented wave (PAW)60,61 method is used to calculate
interactions between the valence and core electrons to an
energy cutoff of 400 eV. Gaussian smearing with a smearing
factor of 0.1 eV is used for all calculations. The D2 method is
employed to improve modeling of dispersion.62 The effect of
the dispersion model on ΔEint is discussed in the Supporting
Information. The first Brillouin zone is sampled with 7 × 7 × 1
Monkhorst−Pack63 k-point meshes. Electronic structures are
calculated self-consistently and considered to be converged
when the difference in the electronic energy between
subsequent iterations falls below 10−5 eV.
Conformations of adsorbates and in some cases the

surrounding solvent molecules are obtained using partial
geometry relaxations performed with the quasi-Newton
algorithm. The partial relaxations are carried out as follows.
In relaxations carried out under vacuum, implicit solvation, and
Ih ice, adsorbate atoms are allowed to relax, while all other
atoms are held fixed. In relaxations carried out under explicit
solvent, the adsorbate and the solvent molecules that are
hydrogen bonded to it are allowed to relax, while all other
atoms are held fixed. In all partial geometry relaxations,
geometries are considered to be converged when the forces on
all of the nonfixed atoms fall below 0.03 eV/Å. The Pt atoms
are held fixed in all DFT simulations. This choice has a minor
influence on the adsorbate binding energies and structures (see
Supporting Information).
2.5. Hydrogen Bond Criteria. Hydrogen bonds (HBs)

are identified using geometric criteria as follows.64 The
distance between the solvent oxygen atom and the electro-
negative atom on the adsorbate (i.e., the Osolvent−Nads/Oads

distance) must be ≤3.5 Å. Additionally, when the solvent
molecule is a HB donor, the angle between the electronegative
atom on the adsorbate, the solvent molecule oxygen atom, and
the participating solvent molecule hydrogen atom (i.e., the
Nads/Oads−Osolvent−Hsolvent angle) must be ≤30°, and the
distance between the electronegative atom on the adsorbate
and the participating hydrogen atom on the solvent molecule
(i.e., the Nads/Oads−Hsolvent distance) must be ≤2.5 Å. When
the solvent molecule is a HB acceptor, the angle between the
solvent molecule oxygen atom, the electronegative atom on the
adsorbate, and the participating hydrogen atom on the solvent
molecule (i.e., the Osolvent−Nads/Oads−Hads angle) must be
≤30°, and the distance between the solvent molecule oxygen
atom and the hydrogen atom on the adsorbate (i.e., the
Osolvent−Hads distance) must be ≤2.5 Å. Hydrogen bonds can
be formed between the adsorbates and solvent H2O molecules
as well as between adsorbates and solvent CH3OH molecules
when the mixed solvent is employed.

2.6. Rotational Dynamics of Solvent Molecules. The
mobilities of the H2O molecules that are hydrogen bonded to
the adsorbates are studied using the dipole−dipole time
correlation function (TCF).65,66 The dipole−dipole TCF
indicates how fast a H2O molecule rotates away from its
initial orientation after forming a hydrogen bond with the
adsorbate. It is calculated as

C t
t

( )
( ) (0)

(0) (0)
i i

i i

μ μ
μ μ

=
⟨ · ⟩
⟨ · ⟩μ

(9)

where μi(t) and μi(0) are the unit dipole vectors of the ith

hydrogen-bonded H2O molecule at time t = t and t = 0,
respectively, and the bracket notation indicates an ensemble
average. The vectors μi are obtained from the production runs
of NVT MD simulations, which are carried out for 45 ns,
where the first 5 ns are used for system equilibration, the last
40 ns are used for configurational sampling, and configurations
are sampled every 100 fs during the production runs.

3. RESULTS
3.1. Free Energies of Solvation Calculated with

Multiscale Sampling versus Implicit Solvation. Free
energies of solvation calculated with multiscale sampling
(ΔFsolMSS) and implicit solvation (ΔFsolimp) are listed in Table 1.
Calculated ΔFsol are all exothermic. In pure H2O solvent,
values of ΔFsolMSS follow the trend C3H7O3* < COH* <
CH2OH* < NH2* < NH* < CO*, with ΔFsolMSS for C3H7O3*
being quite appreciable at −0.91 eV and ΔFsolMSS for CO* being
∼0. Values of ΔFsolimp follow a similar trend as ΔFsolMSS. While
ΔFsolMSS ≈ ΔFsolimp for the NH*, NH2*, and CO* adsorbates,
ΔFsolMSS and ΔFsolimp for the COH*, CH2OH*, and C3H7O3*
adsorbates are different by 0.38, 0.12, and 0.56 eV, respectively.
These differences could have energetic origins, entropic
origins, or both, and we investigate these possibilities in
Sections 3.2 and 3.3.

3.2. Energetic Origins. One reason for the differences
between ΔFsolMSS and ΔFsolimp for some adsorbates could be that
those adsorbates interact more strongly with H2O than is
captured by implicit solvation. Calculated interaction energies
for the NH*, NH2*, CO*, COH*, CH2OH*, and C3H7O3*
adsorbates are listed in Table 1. Calculated ΔEint are all
negative, indicating favorable interactions with solvent. In
general, the strengths of the interaction energies are related to
the propensities of the adsorbates to form hydrogen bonds.
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Thus, NH*, NH2*, COH*, CH2OH*, and C3H7O3*, which all
feature either −NH or −OH groups, exhibit strong ΔEint,
whereas CO* exhibits ΔEint < 0.1 eV. Snapshots of the NH*,
NH2*, COH*, CH2OH*, and C3H7O3* adsorbates along with
representative configurations of hydrogen bonded H2O
molecules are shown in Figure 1.
If an adsorbate interacts more strongly with a H2O molecule

than is captured by implicit solvation, it could be because the
adsorbate is forming a chemical bond with H2O. To explore
this possibility, we recalculated ΔEint

DFT, this time only allowing
the solvent molecules that are hydrogen bonded to the
adsorbate to relax (and thus holding all other atoms, including
those in the adsorbate, fixed). Calculations performed in this
manner are labeled “mb” (for “method b”) in Table 1 and
Figure 1. We postulated that if the differences between ΔFsolMSS

and ΔFsolimp were due to a chemical bond, that holding the
adsorbate molecule fixed would prevent optimization of the
chemical bond and thus result in a weaker (less negative) value
of ΔEint

DFT, which would result in a less exothermic value for
ΔFsolMSS. ΔEint

DFT calculated using this second relaxation method
are tabulated in Table 1. Comparing these values with the
original values of ΔEint

DFT, the NH*, NH2*, CO*, and CH2OH*
adsorbates show minor changes of 0.04 eV or less, while the
COH* and C3H7O3* adsorbates show much more significant
differences of 0.36 and 0.19 eV, respectively. Note that for
COH*, this difference is nearly identical to the difference
between ΔFsolMSS and ΔFsolimp. Comparing the geometries of the
COH*−H2O and C3H7O3*−H2O systems calculated using
the two different relaxation methods (i.e., comparing Figure 1c
with Figure 1d and Figure 1g with Figure 1h), there are
noticeable differences in the adsorbate−H2O distances due the
relaxation method used, lending credence to the hypothesis
that these adsorbates form chemical bonds with H2O solvent.
In contrast, the relaxation method has at most a minor

influence on the adsorbate−H2O distance for NH*, NH2*, and
CH2OH*.
To further investigate the possibility of chemical bonds

forming between the COH* and C3H7O3* adsorbates and
H2O, we calculated the charge density differences for these
adsorbates due to interaction with H2O molecules (details
about these simulations are provided in the Supporting
Information). The results (Figure 2) show a significant
increase in charge density between the COH* adsorbate and
the H2O molecule, suggesting formation of a chemical bond,
whereas the charge density increase between the C3H7O3*
adsorbate and H2O solvent is minor. Thus, we conclude that
the COH* adsorbate forms a chemical bond with H2O solvent,
which results in a much more exothermic free energy of
solvation when calculated with explicit solvent than with
implicit solvent.
The differences between ΔFsolMSS and ΔFsolimp for CH2OH* and

C3H7O3* must have different, or at least other, origins.

Table 1. Solvation Free Energies (ΔFsol), Interaction
Energies (ΔEint), and Interaction Entropies (TΔSint) for
NH*, NH2*, CO*, COH*, CH2OH*, C3H7O3* Adsorbates
on Pt(111) under Pure H2O Solvent and a 50% H2O/50%
CH3OH (w/w) Mixed Solvent at T = 300 K, Calculated with
Multiscale Sampling (MSS), DFT with Explicit Solvation
(DFT), DFT with Implicit Solvation (imp), and Molecular
Dynamics (MD)a

NH* NH2* CO* COH* CH2OH* C3H7O3*

H2O
ΔFsolMSS −0.20 −0.28 −0.02 −0.69 −0.30 −0.91
ΔFsolimp −0.19 −0.26 −0.04 −0.31 −0.18 −0.35
ΔEint

DFT −0.34 −0.49 −0.09 −0.99 −0.63 −1.52
ΔEint

DFT(mb) −0.30 −0.46 −0.07 −0.63 −0.63 −1.33
−TΔSintMD 0.14 0.21 0.07 0.30 0.33 0.61
−TΔSintMD

(pert)
dnc dnc dnc 0.41 0.40 0.95

50% H2O/50% CH3OH (w/w)
ΔFsolMSS −0.14 −0.16 0.04 −0.59 −0.14 −0.52
ΔFsolimp −0.18 −0.24 −0.04 −0.29 −0.17 −0.31
ΔEint

DFT −0.30 −0.40 −0.03 −0.90 −0.46 −1.16
−TΔSintMD 0.16 0.24 0.07 0.31 0.33 0.64
aAll values are calculated according to the procedures in Section 2 of
this Article, except for those labeled “mb”, which are calculated
according to the procedure in Section 3.2, and those labeled “pert”,
which are discussed in Section 3.3. All values are in units of eV. dnc
stands for “did not calculate”.

Figure 1. Representative geometries of NH* (a), NH2* (b), COH*
(c,d), CH2OH* (e,f), and C3H7O3* (g,h) adsorbates along with
hydrogen-bonded H2O molecules. For clarity, H2O molecules that are
not hydrogen bonded to the adsorbates are not rendered. All
geometries were calculated according to the procedures in Section 2,
except for those labeled “mb”, which were calculated according to the
procedure in Section 3.2. Color key: N = blue, H = white, O = red, C
= cyan, Pt = gold. Distances are labeled in Å.
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Another possibility is the interaction between the polar solvent
and these polarizable adsorbates. To explore this possibility, we
modified the polarity of the solvent by switching from a pure
H2O solvent (dielectric constant = 78.40) to a solution that is
50% H2O/50% CH3OH by weight (dielectric constant =
54.39). We reasoned that reducing the polarity of the solvent
would reduce the strength of the adsorbate−solvent interaction
for polarizable adsorbates and thus reduce the difference
between ΔFsolMSS and ΔFsolimp. Values of ΔFsolMSS and ΔFsolimp

calculated in mixed solvent are listed in Table 1. Values of
ΔFsolMSS are more positive in the mixed solvent than in pure
H2O, with the most significant differences being for CH2OH*
(0.16 eV) and C3H7O3* (0.39 eV). In fact, ΔFsolMSS and ΔFsolimp

for CH2OH* are nearly equal under the mixed solvent,
suggesting the interaction between the polar solvent and this
polarizable adsorbate as a reason for the difference between
ΔFsolMSS and ΔFsolimp for CH2OH* under pure H2O.
For the C3H7O3* adsorbate, the difference between ΔFsolMSS

and ΔFsolimp in pure H2O solvent of 0.56 eV seems to be due to a
combination of chemical bonding and solvent polarity/
adsorbate polarizability. To test this, we calculated ΔEint

DFT for
C3H7O3* under the mixed solvent using the “mb” strategy
discussed above. ΔEint

DFT calculated in this manner is −1.05 eV,
compared with the value of −1.16 eV calculated using the
“standard” method (discussed in Section 2). This difference of

0.11 eV accounts for part of the difference of 0.21 eV between
ΔFsolMSS and ΔFsolimp for C3H7O3* in the mixed solvent, suggesting
that chemical bonding indeed contributes to the differences
between ΔFsolMSS and ΔFsolimp. Further, the much less significant
difference between ΔFsolMSS and ΔFsolimp in the mixed solvent
versus pure H2O suggests that solvent polarity/adsorbate
polarizability contributes as well.

3.3. Entropic Origins. Entropic contributions could also
influence differences between ΔFsolMSS and ΔFsolimp, and we
explore those in this section. Values of −TΔSintMD are listed in
Table 1. Values of −TΔSintMD are all positive (i.e., TΔSintMD are all
negative), and thus they counteract values of ΔEint in the
calculation of ΔFsol. Values of −TΔSintMD follow the trend
C3H7O3* > CH2OH* > COH* > NH2* > NH* > CO*,
which, other than that the order of COH* and CH2OH* is
reversed, is identical to the rank orders of ΔFsolMSS and ΔEint

DFT.
Thus, adsorbates that demonstrate strong interaction energies
also exhibit large and negative interaction entropies. It is thus
possible that the interaction entropies of adsorbates that
exhibit chemical bonding and/or strong hydrogen bonds with
highly polar solvents contribute to the differences between
ΔFsolMSS and ΔFsolimp, and we investigate each of those effects
separately here.
Unfortunately, the MSS method in its present form cannot

capture the influence of chemical bonding on ΔSintMD since the
classical force fields that are employed do not capture chemical
bonding. Thus, we investigated how ΔSintMD would change if the
bond between H2O and the COH*, CH2OH*, and C3H7O3*
adsorbates were stronger by manually perturbing the LJ cross
terms for these interactions until the ΔEint

MD for these
adsorbates were almost equal to their ΔEint

DFT. More details
about these perturbations are provided in the Supporting
Information. Values for −TΔSintMD calculated in this way are
labeled “pert” (for perturbed) in Table 1. Values of −TΔSintMD

for the COH* and CH2OH* adsorbates increase by <0.10 eV
when the force fields are altered in this way. The values of 0.10
eV or less are small and likely within the error caused by
making a manual perturbation to the force field. Thus, entropy
likely does not contribute to the differences between ΔFsolMSS

and ΔFsolimp for these adsorbates. For the C3H7O3* adsorbate,
−TΔSintMD increases by 0.34 eV when its interaction with H2O is
strengthened in the MD simulations. While this exact value
should be taken lightly, given the rough manner in which it was
obtained, its magnitude suggests that entropy cannot be ruled
out as contributing to the difference between ΔFsolMSS and ΔFsolimp

for C3H7O3* in pure H2O solvent.
Looking into the influence of polarity on ΔSint, values of

−TΔSintMD calculated in pure H2O are nearly identical to those
calculated in mixed solvent, suggesting that the solvent polarity
has little effect on ΔSint. Hence, we conclude that differences
between ΔFsolMSS and ΔFsolimp uncovered in this work are due to
energetic effects caused by chemical bonding and/or strong
hydrogen bonds induced by highly polar solvents, and, in the
case of C3H7O3*, entropic influences resulting from such
interactions.

4. DISCUSSION
To this point, we have shown that the strengths of the
adsorbate−solvent interactions are dominated by hydrogen
bonding, interactions between a polar solvent and a polarizable
adsorbate, and, in some cases, chemical bonding. Adsorbates
that demonstrate strong ΔEint with solvent also exhibit large,
negative values of TΔSintMD. Because of this, values of ΔEint

DFT are

Figure 2. Charge density differences due to interaction for COH*−
H2O (top) and C3H7O3*−H2O (bottom). Color key: H = white, O =
red, C = cyan, Pt = gold. Green and purple iso-surfaces represent
regions of charge accumulation and depletion, respectively, and are
rendered at values of 0.006 e/Å3.
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significantly compensated when calculating ΔFsolMSS. Here, we
postulate that the large, negative values for TΔSintMD are due to
restricted dynamics of solvent molecules that interact strongly
with catalytic surface adsorbates. To demonstrate this, we
calculate dipole−dipole TCFs (Cμ(t)), which illustrate the
rotational dynamics of the solvent molecules that hydrogen
bond to the adsorbates, along with their mean square
displacements, which illustrate their translational dynamics,
under pure H2O solvent. The dipole−dipole TCF results are
shown in Figure 3. The mean square displacements have

similar trends as those of the dipole−dipole TCFs (see
Supporting Information). On the graphs in Figure 3, the
abscissae denote the time elapsed over the lifetime of a
hydrogen bond. Once the hydrogen bond between the H2O
molecule and the adsorbate is broken, it is no longer counted
toward Cμ(t). Thus, Cμ(t) values level off as t gets larger, and
the different curve lengths are because the different adsorbates
have different HB lifetimes. (More information about HB
lifetimes is provided in the Supporting Information.) The
Cμ(t) curves illustrate how the orientations of the dipole
vectors of the H2O molecules that are hydrogen bonded to the
adsorbates change over time. At t = 0, Cμ(t) = 1, and this value
decreases as t increases, indicating rotation of the H2O
molecule. As t gets large, the H2O molecule rotates enough
that the geometric angle criteria for hydrogen bonding (see
Section 2.6) are violated. When this happens, the Cμ(t) curves
in Figure 3 end. When the H2O molecules have more restricted
rotational motions, their values of Cμ(t) are larger (i.e., they
stay closer to 1). Thus, hydrogen-bonded H2O molecules have
less rotational mobility around adsorbates with Cμ(t) closer to
1. Cμ(t) calculated for the different adsorbates follow the trend
COH* > CH2OH* > NH2* > C3H7O3* > NH*. This suggests
that H2O molecules that are hydrogen bonded to COH* have
the slowest rotational dynamics, whereas H2O molecules that
are hydrogen bonded to NH* have the fastest. The trend for
Cμ(t) is similar to that for ΔEint, except for C3H7O3*, where
the H2O molecules exhibit fast rotational dynamics; however,
this adsorbate has multiple −OH groups that contribute to
ΔEint

DFT, so the relationship between Cμ(t) and ΔEintDFT will be
different than for the other adsorbates. The translational
dynamics of the hydrogen-bonded water molecules (shown in
the Supporting Information) follow a similar trend. Taken
together, these results suggest that strong interactions between
catalytic adsorbates and solvent molecules restrict the

rotational and translational dynamics of the solvent molecules.
As entropy is related to mobility, we argue that the loss of the
rotational and translational mobilities of the solvent molecules
contribute to the large TΔSintMD exhibited by adsorbates that
interact strongly with solvent.

5. CONCLUSIONS
In this work, we used a combination of DFT and classical MD
to explore the free energies of solvation for catalytic surface
adsorbates under H2O and mixed H2O/CH3OH solvents, and
we additionally identified the origins of the energetic and
entropic contributions to the free energies of solvation. We
found that the free energies of solvation have large
contributions from both the adsorbate−solvent interaction
energies as well as their entropies. Adsorbate−solvent
interaction energies are dominated by hydrogen bonding,
solvent polarity/adsorbate polarizability, and, in some cases,
chemical bonding. Adsorbates that exhibit strong interactions
with solvent molecules restrict the rotational dynamics of those
solvent molecules, and this influences the adsorbate−solvent
interaction entropies as well. Thus, the interaction energies are
largely compensated by the interaction entropies when
calculating the free energies of solvation. That said, the free
energies of solvation can be rather significant, with values in
this work being as large as −0.91 eV. Implicit solvation using
the VASPsol method can be used to calculate free energies of
solvation for catalytic adsorbates that do not interact
chemically with solvent molecules and that do not demonstrate
enhanced interactions with highly polar solvents. For
adsorbates that do exhibit chemical bonds or strong
interactions with polar solvents, we present a multiscale
sampling method for calculating the free energies of solvation.
While this method is powerful, it has limitations. For one, it is
computationally intensive, requiring the use of DFT and MD
simulations and also sampling multiple configurations of
solvent in DFT. Further, this method uses rigid catalytic
surface adsorbates and Pt surfaces, and thus does not fully
capture thermal effects (nor does implicit solvation). Our
groups are presently working on methods to address both
issues.
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